It is shown that the optically bright excitonic transitions near the Dirac points of suspended semiconducting transition metal dichalcogenides have a p-like symmetry whereas the s-like states are dipole forbidden. The unusual optical selection rules result from the strong Coulomb coupling that induces an excitonic ground state from which the dipole-allowed optical excitations correspond to intra-excitonic transitions. The huge intrinsic coupling constant seems to be a generic property of the semiconducting transition metal dichalcogenides and strong Coulomb-coupling signatures in the form of the optical selection rules can be observed even in samples grown on typical substrates like SiO2. For the examples of WS2 and WSe2, excellent agreement of the computed excitonic resonance energies with recent experiments is demonstrated.
Since its first isolation by Novosolev and Geim [1] , graphene and graphene based systems have attracted lots of interest, both for fundamental reasons and technological applications. Meanwhile, a variety of graphene-analogues materials like h-BN, silicene or transition-metal dichalcogenides (TMDs) have been fabricated [2] . Similar to graphene, these novel material systems display exciting new physical properties, distinct from their bulk counterparts [3-14, 19, 20] .
Particularly interesting among this class of materials are monolayers of TMDs, exhibiting unique linear and nonlinear optical properties. The linear optical spectra are dominated by strong resonances, with a peak absorption of more than 10%, and the breaking of inversion symmetry allows for an efficient second harmonic generation (SHG). Though initially assigned to free particle transitions, meanwhile the excitonic nature of the strong optical response is widely accepted. Nevertheless, the precise role of the Coulomb interaction in these structures remains unclear and is still under intensive investigation. Recent linear and nonlinear optical experimental studies on WS2 [1] [2] [3] report large binding energies for the lowest bright exciton transition ranging from 0.32-0.71 eV and strong deviations from the usual hydrogenic Rydberg series. However, due to the difficulty to observe the band gap directly, these values have been extracted either from the energetic separation between different resonances, or by comparison with ab initio predictions, and thus depend critically on the correct assignment of optically active states. The widely accepted assignment of the lowest observed resonance to the 1s-exciton ground state not only leads to a large uncertainty in the estimated exciton binding energy, but also leads to mutually contradicting conclusions drawn from different experimental techniques on nominally equivalent samples.
In conventional direct-gap GaAs-type semiconductors with near-parabolic s-like conduction and p-like valence bands, the near-bandgap optical properties are best described by the socalled Elliot formula [25] , expressing the energetic position and oscillator strength of the excitonic transitions in terms of the excitonic wave functions. Simple selection rules show that only s-like excitonic states couple to the light field, resulting in the well-known excitonic Rydberg series, and the assignment of the lowest optical active state to the 1s exciton resonance is based on these selection rules. However, the s-type optical selection rules follow from the implicit assumption that the system is excited from the noninteracting ground state. In a strongly interacting system, the ground state itself may be excitonic in which case the optical transitions correspond to intra-excitonic transitions, that are governed by fundamentally different optical selection rules.
In this letter, we present strong evidence that not only for suspended TMDs, but also for TMDs on a SiO 2 substrate, the optically active states correspond to the p-type excited states of a 2D hydrogenic Rydberg series, while the lowest lying 1s-exciton is merged with the ground state level. To support our theory, we compare its predictions with recent experiments on WS 2 [19] [20] [21] and WSe 2 [22] , demonstrating that the assumption of bright p-states allows for a simple interpretation of all the different experimental results.
Dictated by the symmetry properties of the hexagonal lattice, the lowest order k · p Hamiltonian has the form [9] 
where τ = ±1 is the valley index andΨ † τ k is the tensor product of the electron spin state and a two-component quasispinor. The Pauli matricesσ τ = (τσ x ,σ y ) andσ z act in the pseudo-spin space andŝ z in the real spin space, respectively. The basis functions for the pseudo-spinor are a linear combination of the relevant atomic orbitals that contribute to the valence and conduction bands and depend on the specific material system under consideration. Within a tight-binding model, the parameters ∆, t and a correspond to the bias in on-site energies, the effective hopping matrix element, and the lattice constant, respectively. Furthermore, 2λ is the spin-splitting of the valence band due to the intra-atomic spin-orbit coupling (SOC). The Hamiltonian (1) is valid for the entire class of monolayer hexagonal structures including graphene with a zero gap and negligible SOC, h-BN with a large gap and also negligible SOC, and the variety of TMD with a gap in the optical range and strong SOC.
Independent of the explicit expressions for the pseudospinor basis functions, the light-matter interaction can be found by the minimal substitution k → k−eA/c. Defining the Fermi velocity by v F = at/ , one obtains
Using the eigenstates of H 0 , the Hamiltonian for the lightmatter (LM) interaction can be written as
Here, c † sτ k (ν † sτ k ) creates an electron with spin s and valley index τ in the conduction (valence) band, ∆ sτ = ∆−sτ λ is the spin and valley dependent gap,
is the relativistic dispersion of a quasi-particle with rest energy m sτ v 2 F = ∆ sτ /2, A τ = A x + iτ A y , and θ k is the angle in k-space defined by tanθ k = ky kx . In Eq. 3, the first line describes the intraband and the second line the interband transitions, respectively. Contributions proportional to A τ correspond to the absorption of a photon with circular polarization σ τ . In zero-gap materials like graphene or silicene, the transition matrix elements for both intra-and interband absorption are equal in magnitude. Differences in the transition probabilities exclusively result from the different occupation numbers in the initial state. In contrast, in a wide gap system, the transition amplitudes ∝ v F k/ sτ k and ∝ ( sτ k − ∆sτ 2 ) vanish, while ( sτ k + ∆sτ 2 )/2 sτ k ≈ 1, giving the much simpler expression
From this simplified LM Hamiltonian, one recognizes clearly that the valence-to-conduction-band excitations at the K ± valley require the absorption of a σ ± polarized photon, as has been shown by Xiao et al. [9] .
The microscopic transition amplitudes P sτ k = e iσθ k ν † sτ k c sτ k can be computed from the semiconductor Bloch equations (SBE) [25] . Using Eq. 1 together with the standard Coulomb-interaction Hamiltonian and assuming that the initial state is the noninteracting ground state, in linear response the SBE for the polarization is given by
Here, Σ sτ k denotes renormalized single particle energy and includes the Coulomb renormalization of the band-gap. The expansion into the eigenstates of the relativistic Wannier equation
yields the Elliot formula
with the oscillator strength F
the resonances of the reflection and absorption spectra occur at the poles of the Elliot formula. Equation 7 shows that the resonant contributions for a given circular polarization component σ stem from the K σ valley, while the nonresonant contributions stem from the K −σ valley, opening the possibility of a valley selective excitation with circularly polarized light. Moreover, the dependence of the resonance energies E s,σ µ on the product of the spin and valley index couples the valley dynamics to the spin dynamics [9] [10] [11] [12] [13] [14] . The oscillator strength is a measure for the transition probability from the noninteracting ground state to excitonic state with quantum number µ and is nonvanishing for exciton wave functions with s-type orbital angular momentum.
The relativistic Wannier equation is the k-space representation of the Dirac Coulomb problem. In real space, the wave functions are two-component spinors [15, 16] 
where j is the eigenvalue of the total angular momentumL z + 1 2σ z and n is the principle quantum number. The absorption or emission of a circularly polarized photon corresponds to a spin flip in pseudospin space. Clearly, assuming a noninteracting ground state, only spinors with j = ±1/2 couple to the optical field. As far as the Coulomb interaction can be considered as strictly 2D, the eigenvalues the relativistic hydrogen problem are given by [15, 16] 
Here, α = e 2 /κ v F is the coupling constant, κ is the effective dielectric constant of the environment, and the real spectrum contains al values for j = ±1/2, ±3/2, ..
For small values of α, the spectrum reduces to that of the nonrelativistic Rydberg series
Interestingly, the bright exciton series with j = ±1/2 vanishes in the strong coupling regime, which is characterized by α > 1. Using the material parameters given in Ref. 9 , the nominal values for α are given by α = 3.92/κ for WS 2 , α = 3.66/κ for WSe 2 and α = 4.11/κ for MoS 2 respectively. In free standing monolayers of TMDs, these values are very large and even on top of a typical substrate like SiO 2 the effective coupling exceeds the critical value.
In this regime of strong Coulomb coupling, the system has an excitonic ground state characterized by a static interband polarization P sτ k that can be obtained as solutions of the gap equations [17, 18] . The static polarization obeys the equation
while the linear polarization, Eq. 5, is modified by the Pauli blocking of the ground-state populations:
DefiningP
[n]
sτ k and using (1 − 2f
sτ k /E sτ k , where E sτ k is the dispersion of the Bogoliubov bands, the ground state is the lowest eigenstate of the generalized Wannier equation
is the Coulomb interaction weakened by the phase space filling of the ground state populations. The optical polarization can be expanded into the eigenfunctions orthogonal to the ground state. Thus, in the strong Coulomb-interacting regime, optical transitions connect the excitonic ground state j = ±1/2 with the excited excitonic states such that the dipole allowed transitions with j = j ± 1 have the total angular momentum j = ±3/2, corresponding to p like states.
To test our general theory, we compare its predictions with the observations of several recent experiments on WS 2 [19] [20] [21] and WSe 2 [22] . We start with the analysis of the bright excitonic states in WS 2 on SiO 2 corresponding to the lowest exciton with spin and valley combination sτ = 1 [19] . As commonly adopted, we refer to A and B excitons for the lower and higher direct exciton transitions with a spin and valley index combination sτ = 1, −1 respectively. While the knowledge of the tight binding parameters and the dielectric screening of the substrate suffices to compute the energetic separation between any two bright states, the prediction of the absolute spectral position requires the additional knowledge of the Coulombic band gap renormalization Σ = E k=0 −∆. Whereas Σ diverges for an ideal, strictly 2D Coulomb potential, it is finite for any real system where the Coulomb matrix elements must be evaluated from the gap equations with the atomic orbitals used to represent the pseudo spinor space in Eq. 1. This leads to a quasi 2D Coulomb interaction
where A is the normalization area and F (qd) is a monotonically decreasing form factor with F (0) = 1 and lim x→∞ xF (x) = 0. The form factor leads to a regularization of the 1/r singularity at small distances, and the parameter d can be interpreted as the effective thickness of the monolayer. Since its explicit expression depends on the specific atomic orbitals contributing to the valence and conduction band, we do not calculate the band gap but rather use it as a fit parameter. With the material parameters for WS 2 ∆ = 1.79 eV, t = 1.37eV, 2λ = 0.43 eV, a = 3.197Å given in Ref. [9] , and an effective dielectric constant κ = 3.9/2 for the SiO 2 substrate, we find an exciton binding energy a binding of 0.27 eV for the lowest bright exciton transition with n, j = 0, ±3/2. Using E gap = 2.36 eV, we present in Fig. 1 the computed result for the spectral position of the lowest five bright exciton transitions. The red diamonds show the experimental data points taken from Ref. 19 . For comparison, we also show the predicted values assuming a nonrelativistic bright s states. (Note that the j = ±1/2 series gives complex eigenvalues of the relativistic wave equation and thus cannot be used for comparison.) Our computed results show remarkably good agreement with the experimental observations given the fact that only the effective band gap was used as a single fit parameter. In contrast, the results based on the assumption that the series has s-type character are completely off the scale, in particular for the energetically lowest states.
Taking the renormalized band gap extracted from the experimental data, we can also compute the spectral positions of the B-excitons. Though the Coulomb renormalization contains some excitonic contributions, it is dominated by the renormalization of the single particle energy of the filled valence band. This part depends on the effective monolayer thickness and the background dielectric screening. Thus, it is reasonable to assume that the band gap renormalization is equal for the A and B excitons in WS 2 , giving a gap E B gap = 2.83eV for the B-exciton. The ratio of the binding energy is fixed by the ratio of the single particle gaps, i.e. E Thus the 2p resonance is predicted to occur at E B 2p = 2.44 eV, which is also in very good agreement with the experimental findings [19] . In table I, a list of the lowest theoretically predicted resonance positions of both A and B exciton is given.
To provide further evidence for the theoretically predicted selection rules, we also analyze recent experiments probing dark states by two-photon spectroscopy which can only access The inset to the figure shows the results for the energetically higher states with a finer energy resolution. TABLE I. Excitonic resonance positions extracted from experimental data together with the theoretical predictions where the data marked with an asterix have been used as fit parameter to match the experimental data. For WS2, the band gap has been fitted to match the data of Ref.
19 (see Fig. 1 and the discussion in the text). For WSe2, the lowest bright resonance position has been fitted to the data of Ref.
22. The data of Ref. 21 correspond to room temperature and show a red shift of approximately 0.1 eV as compared to the linear reflection spectra at 10K. . The labeling corresponds to the main quantum number N of the N th excitonic level, which is usually used in semiconductor optics. The principle quantum number n of the relativistic wave functions and the main quantum number of the nonrelativistic wave functions are related by n = N − 1/2 − |j| and the lowest exciton level with |j| = 3/2 is N = 2.
excitonic states with a parity opposite to those excited by a single photon process [20] [21] [22] . In Ref. 20 and 21, linear reflection and TP-PLE have been performed on WS 2 flakes having nominally the same material parameters as those in Ref. 19 . The resulting experimental data are shown in Fig. 2 A 3s/3p A G B 2s,2p B 3s,3p B G 
FIG. 2. (color online)
Comparsion of one and two photon spectra of WS2 measured by different groups. Part a) shows the deravative of the reflection contrast measured by Chernikov et al. [19] , part b) the the linear reflection contrast (black line) together with the TP-PLE spectrum (red dots) measured by Ye at al. [20] , and part c) the linear absorption (black line) and TP-PLE (red dots) measured by Zhu et al. [21] . To compensate for temperature dependent shifts of the band gaps, we shifted the data such that the lowest resonance of the A excitons are alligned. On the upper axis, we assigned the quantum numbers assuming bright p states. The onsets of the band gaps are denoted by AG and BG. The dotted line are guides to the eye and show the energetic position of some selected states.
eV and 2.5 eV at T = 10K. These peaks agree well with the dominant peaks in the reflection spectrum of Ref. 19 and can be assigned to the A and B exciton respectively. At room temperature, both peaks experience a red shift of approximately 0.1 eV, most likely resulting from a temperature dependent band gap renormalization. The TP-PLE measurements have been performed at room temperature and cover the spectral range between 2.4 and 3.0 eV. Within this spectral range two 2 , showing the same symmetries and similar spin-splitting of the valence bands. Using PLE, the resonance position of the A exciton is determined as 1.75 eV, whereas in TP-PLE, the dominant peak occurs at approximately 1.9 eV. In agreement with the observation in Ref. 20 , the TP-PLE spectrum shows no significant signal at the transition energy of the lowest bright A exciton. In contrast, the SHG spectrum exhibits two dominant peaks at 1.75 eV, i.e, at the lowest bright resonance, and at 2.16 eV, and less prominent peaks at 1.9, 2.02 and 2.3 eV. The SHG spectrum extracted from the data in Ref. [22] is shown in Fig. 3 .
In Refs. 20-22, the experiments have been analyzed under the assumption of bright s-excitons. This assumption is seemingly supported by the absence of a TP-PLE signal at the resonance frequency of the lowest bright A exciton transition. Thus, the resonances observed in TP-PLE spectra are assigned to p-like states. Since the lowest p-state should be energetically well above the lowest s-state, all resonances observed in the TP-PLE spectra of WS 2 are assigned to excited states of the A exciton, including those resonant with the lowest bright B exciton and above. This assignement directly contradicts the Rydberg series observed by Chernikov et al. [19] , where all excited states and the onset of the band gap of the A-exciton are found below the B-exciton. Furthermore, the assumption of bright s-excitons cannot explain the large SHG signal resonant with the lowest A exciton transition in the experiment of Wang et al. [22] .
Remarkably, all observations can be explained quite naturally by the selection rules predicted by our theory. Since all p-states in a 2D system are accompanied by energetically degenerate states with opposite parity, one-and two-photon transitions are simultaneously possible such that all resonances observed in a linear optical experiment should also appear in SHG, in full agreement with the findings of Ref. 22 . Since a TP-PLE signal not only requires a two-photon-absorption transition but also a fast relaxation to the lowest bright state, the absence of light emmision at the 2p-resonance after a twophoton excitation of the 2s -transiton is most likely explained by the lack of an efficient relaxation channel between the two energetically degenerate states.
In Table I ,we summarize the main findings and compare our theoretically predicted resonance positions of WS 2 and WSe 2 with the experimentally available data. The theoretical values have been obtained using the material parameters of Ref. [9] and κ = 3.9/2 which is sufficient to fix the spacings between all A and B resonance positions. To fix the overall energy scale, we need to fit one additional value per series, marked by an asterisk in table I. Note, that we assigned quantum numbers to the respective resonance positions that result from our theoretical assignment and do not correpond to the labeling in the respective original publications. Resonances that could not be resolved by the specific experiment remain as empty spaces, while those resonances that could in principle occur in the experiment but are not observed are indicated by an 'x'. As can be recognized from the table, not only the agreement between theory and experiment is remarkable, but also the data obtained by the different experimental techniques on different (but equivalent) samples is brought into almost perfect mutual agreement as soon as one adopts our interpretation in terms of optically active p-states.
In conclusion, we presented a general theory showing that optically active excitonic transitions in recently investigated TMDs have a p-like symmetry of the excitonic wave functions. Our theory is supported by recently published experimental data, including the observation of a series of resonances in the linear reflectrum spectrum of WS 2 [19] , two photon absorption in WS 2 [20, 21] and WSe 2 [22] , as well as second harmonic generation in WSe 2 [22] . This observation of optically active p-transitions is not only of crucial importance for the correct interpretation of experimental data, but impressively demonstrates that in the TMDs investigated here, the Coulomb interaction is strong enough to induce an excitonic ground state. The dipole allowed excited states of such an excitonic insulator correspond to intra-excitonic transitions and are governed by the corresponding optical selection rules.
Even for systems in the weakly interacting regime without an excitonic ground state, the lowest excitonic transition should be in the THz or infrared regime and the observed optical resonances correspond to excited exciton levels with main quantum number N ≥ 2.
